A new method for prediction of fundamental physical properties of ionic liquids (ILs) is proposed. The Residual Volume Approach (RVA) allows the estimation of density and viscosity of unknown ILs, using a simple linear correlation between a given property and a newly defined substituent parameter β X . The proposed method has been developed for the density estimation of 50 n-alkyl-substituted imidazolium and tetraalkylammonium salts in a homologous series of ILs and has been extended for the estimation of viscosity, which also correlates linearly with the corresponding β X . In addition, the parameters β X are temperature and pressure independent, which allows the prediction of these values at any temperature and pressure.
[1c] can be easily obtained, but since the experimental study of such a huge number of potential cationanion combinations together with their many substitution patterns is impossible, the fine-tuning of a certain property to fit a specific task is rather difficult. Therefore, understanding the behavior of ILs at molecular level and further implementing this knowledge in different property-predicting models is a great challenge for the research community, and any success in this field would facilitate their rational design. In this Inspired by this work, we report here a facile and rapid method for the estimation of fundamental physical properties of room-temperature ionic liquids (RTILs) using a simple linear correlation between the given IL property and the residual volume of the nalkyl substituents. Thus, we will show that the prediction of density and viscosity is an "easy game", and that this procedure can be carried out even by a non-specialist. Moreover, the application of this approach to a selected anion-cation combination allows both fine-tuning the desired property by a slight variation of n-alkyl substituents and predictions for different temperatures and pressures. This is of great importance from a practical point of view.
Results and Discussion

Residual volume approach
The proposed Residual Volume Approach (RVA) is a linear correlation between the volume-dependent physical properties of n-alkyl-substituted ILs and the newly defined substituent parameters (β X ). The basic idea is that, for any series of ILs differing only by the substituents at a definite position in the cation structure, the change of a given physical property is proportional to the change in the molecular volume of the substituents.
We found the plot of experimental densities (ρ) of a series of n-alkyl-substituted imidazolium salts [C nmim][Tf 2 N] at 25 • C against the corresponding molecular volumes V m to lie reasonably well on a straight line (correlation coefficient: R 2 = 0.98) with a smooth, monotonic decrease in density with increase of the molecular volume. This correlation follows Eq. 1:
where ρ X and V X are the density and the molecular volume of the X-substituted member, respectively, a is the slope of the line, and C is the intercept. This equation is applicable for any member of the series, and if the density and the molecular volume of the methyl substituted compound are denoted by ρ 0 and V 0 , then:
Eq. 2 may be substracted from Eq. 1 for the same series to give Eq. 3:
From this equation it can be seen that the differences in the densities of X-and methyl-substituted compounds are proportional to the differences in their molecular volumes. Since for any series of ILs (V X − V 0 ) is constant, a new constant β X can be defined, characteristic of a given substituent X. This definition reduces Eq. 3 to Eq. 4:
where β X (the substituents constant as stated) may be interpreted as being the residual volume of the substituent X, and the slope a is a measure of the sensitivity to the substituent molecular volume changes of the cation-anion combination in question. It is worth noting that the slope (parameter a) and the intercept (ρ 0 ) are empirical constants which depend on the cation-anion combination only, but are independent of the substituent X. The opposite is valid for the substituent parameters β X , which depend only on the specific substituent X. The values of β X can be calculated from their definition by using of Glasser Table 1 . Table 1 also displays the refined values for β X (corrected empirically for a better fit). This shows that the molecular volume is not affected by exactly 0.028 nm 3 per methylene group. A possible reason for this is that each new -CH 2 -group leads to an increase of the degrees of freedom due to conformational flexibility [8] , and thus it may be assumed that every additional group's contribution is smaller than that of the previous one, related to the cation-anion combination under study. This assumption has been proved by a parallel correlation of experimental densities of [
with both β X and β X parameters. The analysis shows a better correlation coefficient R 2 = 0.997 for β X compared to R 2 = 0.983 for β X . Consequently, the values for the refined β X constants should be used. However, the hypothesis may be set up from the above reasoning that in the case of any ILs series 
for which data on a reasonable number of n-alkylsubstituted compounds are available, a plot of ρ X against β X will give a straight line with a slope of the best fit a and an intercept -the density of the first member of the series (the methyl-substituted compound). Thus, the proposed equation quantifies the effect of substituents on property changes by defining characteristic substituent parameters (β X ). It can be assumed that Eq. 4 is applicable for any series of ILs differing both in cation and anion, but possessing common substituents. Subsequently, if data for at least three members of a given group are available, it will be possible to predict the values of ρ X using the corresponding β X constants and the empirically obtained parameters a and ρ 0 . Based on the above assumption, the application of the current approach has been generalized by correlating the volumetric and transport properties of a vast number of representative ILs and the newly defined substituent constants β X .
Density correlations
A data base of available experimental densities (see Table 2 below) was collected from the literature (mentioned in the captions of Figs. 1 -4) . The imidazoliumbased ILs are the most frequently investigated molten salts which allowed the applicability of the RVA correlations to be tested on them. A series of ILs based on the quaternary ammonium cations was also taken into account. Unfortunately, there are no data available for suitably substituted cations such as pyrrolidinium and piperidinium, and thus a total number of 50 suitably substituted methylimidazolium (7 series Plots of ρ = f (β ) for 32 RTILs are shown in Fig. 1 . As can be seen, the density decreases with β X for all the ILs examined here, and each series follows a very good linear relationship (correlation coefficient: Fig. 1 is direct evidence for the hypothesis defined above that the difference in the densities of X-and methyl-substituted compounds (ρ X − ρ 0 ) are proportional to the difference in their molecular volumes (V X − V 0 ), and that the residual volume substituent constants β X may be correlated with the experimentally measured densities, giving a linear relationship.
Let us demonstrate how the proposed approach works by implementing it on the [C n -mim][Tf 2 N] series (n = 1 -10) at 25 • C. It is worth noting that for better prediction it is necessary for the reference members under study not to be immediate neighbors. Thus, the plot of densities of ethyl-, butyl-and octyl-substituted members [9] against the corresponding β X gives a straight line (correlation coefficient: R 2 = 0.997) with slope a = −1.4105 and intercept ρ 0 = 1.556. The lat- . This fact suggests that the substituent parameters β X seem to be temperatureand pressure-independent. The latter is easily rationalized since density changes linearly with temperature or pressure [2d, 2e, 14] . This allows us to apply RVA for a prediction of density at different conditions. [9] ) were also linear (correlation coefficient: R 2 = 0.982 and 0.994, respectively). In these cases, salts [R-CH 2 -mim][A] were selected as first members and thus the intercepts in both correlations give the densities for cyanomethyl-and benzylsubstituted methylimidazolium ILs. This shows that RVA can be used not only in the case of n-alkyl substituents but also for a subsituent series which differs only by the count of methylene groups.
Viscosity correlations
The viscosity, η, of an IL is one of its most important material properties because high viscosities form barriers to many applications. For example, many ) is still more than twenty times that of water. Since most of the ILs are highly viscous oils an essential aspect of the synthesis of novel systems is the search for a suitably substituted cation-anion combination with low viscosity. In contrast, ILs with high viscosity are applicable as stationary phases in gas-liquid chromatography [18] . However, the simulation of this fundamental physical property is difficult and is just beginning to be explored. Therefore, the development of simple models for data prediction is of great importance. Recently, Slattery et al. [3e] showed that the molecular volumes of a series of ILs hold a strong exponential correlation with their viscosities, following an equation of the type:
It is obvious that this equation is applicable for any member of the series, and this allows us to make the assumption, as we did with density above, that the differences in the viscosities should be proportional to the differences in the molecular volumes for a given series. The latter may be expressed by Eq. 6:
where η X is the viscosity of the X-substituted member, a is the slope of the line, the intercept ln η 0 is the viscosity of the methyl-substituted member, and β X is again the correspondinig substituent constant (see − as anions were used for proving the validity of Eq. 6. Plots of ln η = f (β ) are shown in Fig. 3 . Each series follows a very good linear relationship (correlation coefficient: R 2 = 0.973 -0.994), which is evidence for the proportionality between (ln η X -lnη 0 ) and β X . The viscosity increase with β for all the ILs examined here is in agreement with the trend for viscosity to increase with the increase of the number n of carbon atoms in the alkyl group.
The plot of viscosity against the corresponding β X for the [C n -mim][BF 4 ] series (n = 4, 6, 8, 10) at 20 • C (Fig. 3) gives a straight line (correlation coefficient: R 2 = 0.988) with slope a = −15.056 and intercept ln η 0 = 3.6184. The latter is, in fact, the predicted value of ln η 0 for the methyl-substituted compound at 20
• C. Having the empirical coefficients a and ln η 0 , it is easy to calculate the viscosity of any member of the series by using the equation ln η X = −15.056 β X + 3.6184. . On the one hand, this discrepancy is due to impurities, since it is well known that a small amount of residual halide or water dramatically affects viscosity [19, 21] . On the Table 2 . Abbreviations, full names and experimental data used in this study.
Abbreviation
Full name to associative interactions and thus may lead to wrong data. Therefore, a sufficiently large data base on the fundamental physical properties of standardized ILs has to be established not only for process and product design but also for the development of adequate correlations and of predictive methods for the estimation of these properites of unknown ILs. Having in mind that β X values are temperatureand pressure-independent we went further and implemented RVA for the viscosity of [C n -mim][BF 4 ] at different temperatures. Indeed, good correlations were also observed in this case (Fig. 4) , which allows the estimation of this property at different conditions. However, it should be mentioned that the above correlations will only be correct if the RVA is applied on ILs with proven high purity. Moreover, in some cases ρ 0 and ln η 0 make sense as empirical constants only, since the first members, as well as some other members of the series, may be solids. However, we believe that the range between two liquid members in a homologous series should also hold only liquids, except if some specific, unpredictable interactions lead to a solid product.
Conclusion
A new method for the prediction of volumetric and transport properties of ILs has been developed. The method is based on simple linear correlations between newly defined substituent parameters β X and fundamental macroscopic physical properties of ILs -density and viscosity. In addition, it has been shown that the method can be applied successfully for property estimation at different temparatures and pressures. A correlation of this type is clearly meaningful and suggests that same changes in the structure of different ILs produce proportional changes on given structure-dependent properties. The reported results demonstrate the influence of n-alkyl substituents on the property changes and also show the possibility for fine-tuning density and viscosity by slight variations in the structure of a given anion-cation combination. The residual volume approach proposed by us is empirical in nature, and thus it is of great importance that it is further developed and validated.
